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Thorotrast is an a-particle-emitting radiological contrast
medium that caused chronic exposure to internal a-particle
radiation when it was administered systemically. Cancer in-
cidence in 432 Swedish patients exposed to Thorotrast was
evaluated by computerized linkage of the cohort with the
Swedish Cancer Register. Standardized incidence ratios
(SIRs) were calculated as the ratio of observed cases in the
cohort to expected cases in the general population. A total of
170 cancers occurring in 152 individuals were reported,
whereas only 57 cases were expected. The SIR was signifi-
cantly increased for cancer at all sites (3.0), with the largest
excesses noted for primary liver and gallbladder cancer (SIR
= 39.2). Other significantly elevated risks were observed for
liver cancer not specified as primary, small intestine cancer,
stomach cancer, leukemia, kidney cancer, CNS tumors, and
pancreatic cancer. Among women, there was a significantly
increased risk for lung cancer, based on a small number. Our
results show that cumulative radiation exposure is directly
related to carcinogenesis in the liver and gallbladder, which
is consistent with earlier findings. In addition, there may be
a relationship between radiation exposure and the develop-
ment of other solid tumors. © 2002 by Radiation Research Society

INTRODUCTION

Thorotrast is a commercialy prepared «-particle-emit-
ting colloidal suspension of thorium dioxide that was used
worldwide as a contrast medium for a variety of radio-
graphic procedures, mainly for visualization of vascular
structures. It was introduced into clinical practicein the late
1920s and was used until the early 1950s, when growing
recognition of its potential toxicity resulted in its withdraw-
a from the market. After intravascular injection, Thorotrast
was retained in the body for life, mainly in the reticulo-
endothelial cells of the liver, spleen and bone marrow (1,
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2). Hence these organs were continuously exposed to low-
dose a-particle, B-particle, and v radiation from 2?Th and
its progeny. Alpha-particle radiation constitutes the most
common exposure from ionizing radiation to humans. It is
associated with increased mortality and cancer incidence,
which has been shown in surveys of exposed populations
in Denmark (3), Germany (4), and Japan (5).

The Swedish Thorotrast cohort was recently re-estab-
lished, with follow-up extended through December 31,
1993. Mortality of the cohort was compared with that of
the general population in Sweden (6). Important findings
included significant, lifelong excesses in mortality from all
causes, increasing with time to reach threefold 30 and 40
years after Thorotrast injection. There were significant
dose-response relationships for all causes of death and for
malignant tumors, consistent with an effect of cumulative
radiation exposure on cancer development. The present pa-
per focuses on site-specific cancer risks in relation to the
administered amount of Thorotrast, age, sex and latent pe-
riod.

PATIENTS AND METHODS

Data on the Swedish cohort of Thorotrast-exposed patients have been
described in detail elsewhere (6). Briefly, 1,117 patients (63% males and
37% females) who received Thorotrast during cerebral angiography be-
tween 1932 and 1948 were identified by reviewing medical records and
rosters from the Serafimer Hospital in Stockholm, the only operational
neurosurgical department in the country at that time. Subjects were ad-
mitted to angiography because of neurological symptoms suggestive of
serious underlying conditions.

After 361 individuals who died within 1 year after examination and
63 people lost to follow-up were excluded, 693 were left in the study.
Of those, 261 died prior to January 1, 1958, leaving 432 individuals (56%
males and 44% females). Survival through this date was required to en-
able computerized linkage of the cohort with the Swedish Cancer Register
(SCR), which was established in 1958 and contains nationwide infor-
mation on newly diagnosed cancers. Reporting to the register is manda-
tory for clinicians as well as for pathologists and cytologists. More than
96% of al cancers and cases of leukemia are reported to the register,
most of them from at least two different sources (7).

Computerized linkage with the SCR for the period 1958-1993 was
accomplished by means of the 10-digit persona identification number
assigned to all Swedish citizens, beginning in 1947. This number consists
of six digits based on year, month and day of birth, supplemented by a
three-digit registration number and a check digit. Different cancer sites
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TABLE 1
Observed Number of Cancers by Site (ICD-7), Standardized Incidence Ratio (SIR), and 95% Confidence
Interval (Cl) among Male and Female Patients Exposed to Thorotrast

Males Females Total

Cancer site Observed  SIR 95% ClI Observed  SIR 95% CI Observed  SIR 95% ClI
Stomach 5 12.2 3.9-285 1 6.2 0.1-35.0 6 105 3.9-23.0
Small intestine 2 14.3 14-51.4 1 9.1 0.2-50.9 3 12.0 24-35.2
Colon 1 0.5 0.0-25 6 2.8 1.0-6.1 7 1.8 0.8-3.6
Rectum 1 0.6 0.0-35 3 29 0.6-8.4 4 15 0.4-39
Liver, gallbladder 36 46.1 32.3-64.0 29 33.0 22.0-46.0 65 39.2 30.2-49.9
Liver, not primary 3 27.3 5.4-80.0 3 333 6.7-97.8 6 30.0 11.0-65.5
Pancreas 4 34 0.9-8.7 2 2.3 0.2-8.3 6 29 1.1-64
Lung, pleura, trachea, bronchi 3 0.9 0.2-2.7 4 4.6 1.2-11.6 7 17 0.7-35
Corpus uteri, unspecified 4 22 0.6-6.5 4 22 0.6-6.5
Ovary 2 1.2 0.1-4.3 2 1.2 0.1-4.3
Prostate 9 14 0.6-2.7 9 14 0.6-2.7
Kidney 5 4.0 1.3-93 2 25 0.2-9.1 7 34 1.4-7.0
Bladder 2 11 0.1-11.6 1 16 0.0-9.0 3 1.2 0.2-35
Other skin 1 0.9 0.0-5.1 2 3.7 0.4-13.3 3 18 0.4-5.4
Brain, CNS 3 3.8 0.8-11.3 2 25 0.3-9.0 5 31 1.0-74
Thyroid gland 0 2 6.9 0.8-16.4 2 4.6 0.6-16.4
Connective tissue 2 10.0 1.2-36.0 1 6.2 0.2-35.0 3 8.3 1.7-24.4
Sarcoma 2 3.0 0.4-10.8 0 2 17 0.2-6.0
Leukemia 8 7.1 2.9-14.7 3 45 0.9-13.1 11 6.1 29-11.2
All sitest 91 3.0 2538 79 34 2.7-4.2 170 3.0 2837

a|ncluding cancer sites with <2 observed cases.

were classified and coded according to the International Classification of
Diseases (ICD). Trandations for 37 main cancer sites were undertaken,
using the ICD-7 code system employed before 1975 (Table 1) (8).

The amount of Thorotrast injected was considered to be a surrogate
measure of the radiation dose. Based on the injected volume of Thoro-
trast, six categories were defined for the analysis: <10 ml, 10-19 ml,
>19 ml, unilaterally injected, bilaterally injected, and missing values. For
237 (55%) of the 432 patients in the study, information on the amount
administered was found in the medical records and files. Among these
patients, the mean injected volume was 15.5 ml (range 3-52 ml), and the
average number of injections was 1.9. For the 195 individuas without
information in the medical records, data on the number of injections were
used for estimating the injected volume. For 9 patients, no details con-
cerning the amount of Thorotrast administered were available.

Patients were followed from January 1, 1958, until death, emigration
or December 31, 1993, whichever occurred first. The calculation of per-
son-years was performed using the PYRS Program (9). The expected
number of cancer cases was estimated by multiplying attained age-, sex-
and calendar year-specific cancer incidence rates for the Swedish popu-
lation by the corresponding number of person-years at risk. Attained age
was classified into 18 groups, i.e. 0—4, 5-9,. .., 80-84, and >85 years
of age, and calendar years into categories 1958-1963, 1964—1969, 1970—
1975, 1976-1981, and 1982-1993. Standardized incidence ratios (SIRs)
were calculated as the ratios of observed to expected cases, with the
observed numbers assumed to follow a Poisson distribution. Tests for
trends by age at injection, time since injection, and injected volume of
Thorotrast were computed using likelihood-based methods (10). To ana-
lyze the effect of injected volume of Thorotrast, time since injection, age
at exposure, and gender, multivariate analyses were performed using Cox
regression methods (11).

RESULTS

Among the 432 patients alive January 1, 1958, the mean
year of birth was 1906 (range 1876-1939). The mean age
at Thorotrast injection was 34 years for both men and wom-

en, with 13% examined before 20 years of age, 54% be-
tween 20 and 39 years, and 33% after 40 years of age. Most
patients (44%) were injected between 1937 and 1941. Pa-
tients survived a median of 34 years, with longer survival
for females (37 years) than males (32 years). The average
age at death was 68 years (range 21-96), with 35 patients
aive at the end of follow-up. The total number of years at
risk was 7,284 (3,701 for males and 3,583 for females).
The mean total amount of Thorotrast injected was 16.1 ml
(range 3-52 ml), with no relationship between age at in-
jection and amount of Thorotrast injected. Femalesreceived
dlightly smaller amounts than males (15.7 ml compared to
16.4 ml). Individuals with longer survivals received smaller
than average amounts (11.1 ml for patients still alive at the
end of follow-up). According to information taken from the
origina rosters, few of the individuals were injected extra-
vascularly (13/432). Patients who lived more than 1 year
after injection but were excluded because they died before
1958 were older at the time of injection (mean age 41
years), but they did not differ in any other aspect.

In total, 170 cancers (91 in males and 79 in females)
occurring in 152 individuals were reported to the Swedish
Cancer Register, whereas only 57 cases were expected in
the genera population. All of the cancers were verified his-
tologically. Two cancers were registered for 16 subjects and
three for one subject. The standardized incidence ratio
(SIR) was significantly increased for cancer at al sites (SIR
= 3.0), with virtually identical excesses in men (SIR =
3.0) and women (SIR = 3.4; Table 1). The highest increase
was noted for primary liver and gallbladder cancer (SIR =
39.2), with 65 cases reported. In this category, women had
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a lower risk than men (SIR = 33.0 and 46.1, respectively).
The risk remained high, with a significant increase with
time since exposure for both sexes (Fig. 1a). For those fol-
lowed for >45 years, the SIR for liver and gallbladder can-
cer reached 51.1 (63.2 for males; 42.3 for females). The
indications for injection (most commonly headache, epilep-
tic seizures or paralysis) showed no gender-related differ-
ences.

The SIR for liver and gallbladder cancer was signifi-
cantly related to age at exposure (Fig. 1b). Among subjects
injected at less than 26 years of age, 21% of the patients
developed a malignancy of the liver (25 cases), 16% of the
patients injected at 26-45 years developed cancer (35 cas-
es), and for those injected at >45 years, 11% developed a
cancer (5 cases). Absolute rates cal culated within the cohort
gave a total of 92 liver cancers per 10,000 person years
(PY) under risk for those 0—25 years of age at injection
and 91/10,000 PY and 64/10,000 PY for those aged 2645
years and >45 years at injection, respectively. These fig-
ures reflect the profound influence of the expected number
of cases in relative risk calculations. A significant dose—
response relationship was found, with increasing SIRs for
liver and gall bladder cancer with larger amounts of Tho-
rotrast administered, reaching 100 for those injected with
more than 20 ml (Fig. 1c). The multivariate regression anal-
ysis showed that an increasing volume of injected Thoro-
trast was associated with the greatest risk for developing a
liver tumor (relative hazard 2.40; P < 0.001), followed by
decreasing age at injection (relative hazard 1.54; P =
0.002). No statisticaly significant difference in risk was
seen between men and women.

Significantly elevated risks were observed for cancers of
the small intestine (SIR = 12.0, n = 3), stomach (SIR =
10.5; n = 6), kidney (SIR = 3.4; n = 7), brain and CNS
(SIR = 3.1, n = 5), and pancreas (SIR = 2.9; n = 6, Table
1). The overall risk for lung cancer was also increased (SIR
= 1.7, n = 7), but the increase was significant only among
females (SIR = 4.6, n = 4). The risk for breast cancer was
slightly elevated (SIR = 1.3; n = 8). Significantly elevated
risks, based on small numbers, were also noted for liver
cancer not specified as primary (SIR = 30.0), which could
represent misclassified metastases.

When non-chronic lymphatic leukemia was analyzed as
a group, there was an overall significant sixfold increase
(Table 1). A nonsignificant trend of increasing risk with
increasing the amount of Thorotrast administered was seen,
whereas the overall risk decreased with time since injection
(Table 2). None of the patients with leukemia in the study
cohort were injected before the age of 25 years (Table 2).
When the same analyses were performed for all solid tu-
mors except liver malignancies, the risks remained signifi-
cantly increased for both sexes, with greater risks observed
among women (Table 3). The trend of increasing SIR with
larger amounts of injected Thorotrast was less compelling,
although there was a significantly increased risk for those
injected with >10 ml compared to those injected with <10
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FIG. 1. Panel a. Risk of primary liver and gallbladder cancer in relation
to time since exposure with 95% confidence intervals. Panel b. Risk of
primary liver and gallbladder cancer in relation to age at exposure with
95% confidence intervals. Panel c¢. Risk of primary liver and gallbladder
cancer in relation to amount of Thorotrast administered with 95% con-
fidence intervals.
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TABLE 2
Observed and Expected Number of Non-chronic Lymphatic Leukemia, Standardized Incidence Ratio (SIR),
and 95% Confidence Interval (Cl) among Male and Female Patients Exposed to Thorotrast

Male Female Total
Observed Expected  SIR 95% ClI Observed Expected  SIR 95% ClI Observed Expected  SIR 95% CI
Estimated injected volume, ml
1-9 1 1.26 0.79 0.02-4.42 1 0.54 1.85 0.05-10.32 2 1.80 111 0.13-4.01
10-19 3 217 138 0.29-4.04 1 1.70 0.59 0.01-3.28 4 3.87 1.03 0.28-2.65
=20 4 0.67 5.97 1.63-15.29 1 0.43 233 0.06-12.96 5 1.10 455 1.48-10.61
Time since injection, years
20-29 2 171 117 0.21-6.18 2 1.04 1.92 0.23-6.95 4 2.75 4.45 0.40-3.72
30-39 5 115 4.35 1.41-10.15 1 0.82 122 0.03-6.79 6 197 3.05 1.12-6.63
=40 1 0.56 1.79 0.05-9.95 0 0.51 0.00 0.00-7.23 1 1.07 0.93 0.02-5.21
Age at injection, years
0-25 0 0.67 0.00 0.00-5.51 0 0.55 0.00 0.00-6.71 0 122 0.00 0.00-4.50
26-45 7 242 2.89 1.16-5.96 2 151 1.32 0.16-4.78 9 3.93 2.29 1.05-4.35
=46 1 101 0.00 0.00-3.65 1 0.61 164 0.04-9.13 2 1.23 0.62 0.02-3.44

ml. The risk of solid tumors other than primary liver and
gallbladder cancer increased significantly with time since
injection and decreased with increasing age at injection (Ta-
ble 3).

DISCUSSION

Awareness of the carcinogenic potential of ionizing ra-
diation began early in the twentieth century (12), shortly
after the discovery of X rays. The tumor-inducing effect is
thought to be mediated either through a direct effect on the
DNA molecule, or indirectly by the formation of free rad-
icals in the cytosol (13). So far, epidemiological studies of
human populations exposed to sparsely ionizing (low-LET)
radiation form the main basis for quantifying the risk of
radiation-induced cancer in humans. The detrimental effects
of high-LET radiation have been estimated by establishing

the relative biological effectiveness (RBE) for high-LET
radiation compared to low-LET radiation, since only a few
populations exposed to high-LET radiation exist. Individ-
uals exposed to Thorotrast by angiography are unique in
the sense that they were continuously irradiated by 232Th
and its a-particle-, p-particle- and vy-ray-emitting decay
products.

The Swedish study cohort of 432 patients makes an im-
portant contribution, since follow-up islifelong in most cas-
es, enabling assessment of temporal trends in excess risks.
The large percentage of women (44%) and the wide age
range alow examination of gender- and age-related differ-
ences. By using the unique Swedish personal identification
number and coding from the Swedish Cancer Register, val-
id comparison of the cohort with the general population is
possible. Analyses based on cancer register data, as in our
survey, ensure a high degree of accuracy with regard to the

TABLE 3
Observed Number of Solid Tumors? Standardized Incidence Ratio (SIR), and 95% Confidence Interval (Cl)
among Male and Female Patients Exposed to Thorotrast

Male Female Total
Observed SIR 95% CI Observed SIR 95% ClI Observed SIR 95% CI
Estimated injected volume, ml
1-9 10 1.19 0.57-2.19 8 1.83 0.79-3.60 18 141 0.84-2.23
10-19 27 1.89 1.25-2.75 39 2.68 1.84-3.58 66 2.27 1.76-2.89
=20 8 2.00 0.86-3.93 8 2.19 0.95-4.32 16 2.09 1.19-3.39
Time since injection, years
0-19 1 0.33 0.01-1.83 4 182 050-4.66 5 0.90 0.29-2.10
20-29 10 114 0.55-2.10 11 141 0.71-2.53 21 127 0.79-1.94
30-39 15 1.75 0.84-2.23 20 271 1.66-4.19 35 2.20 1.53-3.06
=40 19 3.00 1.81-4.99 20 361 2.21-5.58 39 3.29 2.34-4.49
Age at injection, years
0-25 11 2.26 1.13-4.05 20 3.22 1.97-4.97 31 2.80 1.90-3.97
26-45 29 1.86 1.24-2.67 29 217 1.45-3.12 58 2.00 1.52-2.59
=46 5 0.76 0.25-1.77 6 152 0.56-3.30 11 1.04 0.52-1.87

2 Excluding primary liver cancer and liver cancer not specified as primary.
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expected number of tumors, since the registers include a
large number of cases. The precision of the Swedish Cancer
Register is high (7), and athough no reclassification was
done, all tumors registered in the cohort were verified his-
tologically. However, studying medically exposed individ-
uals has a number of specific limitations. Patients are under
heightened medical surveillance, and the disease under
treatment may affect subsequent cancer risks. Therefore,
selection bias can be expected to influence some of the
results.

Important findings in our series include a lifelong excess
in cancer incidence at al sites, with the greatest increase
noted for primary liver and gallbladder cancer. Even when
this site is excluded, the SIR remains significantly elevated
for solid tumors as a group, as well as for liver cancer not
specified as primary, and cancers of the small intestine,
stomach, kidney, brain and CNS, pancreas, and femae
lung. Thorotrast conglomerates are deposited in all of these
organs, although the amounts are small because of their low
macrophage activity. The resulting dose rates are 5.3, 3.0,
2.8, 1.5, and 1.3 mGyl/year for the lung, pancreas, small
intestine, kidney, and stomach, respectively (14), compared
to 0.22 Gylyear for the liver (2). In the Life Span Study of
A-bomb survivors, a significant excess risk for all solid
tumors combined was also demonstrated, with associations
with radiation observed for cancers of the stomach, lung,
and liver, but not for tumors of the pancreas and kidney
(15). The five CNS tumors could have constituted the rea-
son for examination if they had a low potential for malig-
nancy. Misclassification could also explain some of the re-
sults. However, it is possible that the continuous exposure
to radiation at low dose rates accounts for the increased
risks observed for solid tumors that were not previously
believed to be related to a-particle radiation.

Although the vast majority of Thorotrast-exposed pa-
tients have not been followed systematically, the number
of neoplasms reported is substantial, and our results are in
accordance with observations from other surveys of Tho-
rotrast-exposed patients. In the Danish cohort of 999 ex-
posed patients (16), the SIR for liver cancer was 126, with
the cumulative incidence of cancer at al other sites reach-
ing 86% 50 years after injection with Thorotrast. In Ger-
many, the relative risk of liver cancer was 200, and excess
rates among exposed patients compared to a control group
were observed for several other cancer sites (gallbladder,
non-chronic lymphatic leukemia, bone sarcoma, larynx car-
cinoma, pleural and peritoneal mesotheliomas), although
incidence ratios were not calculated (4, 17, 18). The smaller
Japanese study gave similar results (19), as did the Portu-
guese survey with follow-up ending in 1996 (20). The var-
iations in point estimates could probably be explained by
differences in the study populations and the comparison
groups, as well as in the amounts of Thorotrast adminis-
tered and the reason for the administration of Thorotrast.

The association between the risk for liver tumors and
Thorotrast exposure was confirmed by the convincing re-

lationships between the risk and the amount of Thorotrast
injected and between the risk and the time since injection.
In the Danish study (3), the SIR for liver cancer was also
strongly related to time and injected volume, but it did not
depend on the calculated dose rate. Dose—+esponse and time
associations have been established in the German survey as
well, where a linear relationship was found between the
dose rate and the tumor rate, but not between the mass of
thorium dioxide injected and the tumor rate. Whether the
dose rate, the cumulative dose, or the amount of Thorotrast
injected has the largest effect on increased risk is not clear
(2, 21, 22). Quantification of the doses by specific organs
after Thorotrast administration is difficult, mainly because
the distribution of thorium dioxide between and within the
organs can vary by a factor of up to 100. In addition, tho-
rium dioxide aggregates as conglomerates in which consid-
erable self-absorption takes place, and there are indications
that the liver/spleen deposition ratio is not constant (2). We
chose to use injected volume as a surrogate dose measure.
A similar approach was used by the Danish investigators,
whereas whole-body counting and measurement of 2°Rn in
breath were added for dosimetric calculations in the Ger-
man survey. The use of the amount of Thorotrast injected
as a surrogate dose measure facilitates comparison with
other studies, and it is reasonable to believe that it reflects
the dose rate. However, it should be emphasized that the
amount of Thorotrast injected was recorded in medical re-
cords for only 55% of the exposed patients, adding further
uncertainty to the dose estimates.

When all solid tumors except liver malignancies were
analyzed as a group, the risk remained significantly in-
creased for both sexes, with larger risks observed among
women. In addition, there was a significant trend of increas-
ing SIR with time since injection. In the Danish study, the
risk for most solid tumors was also increased, but no re-
lationship was observed between the SIR and the volume
of Thorotrast injected or time since injection (16). The Ger-
man and Japanese studies also demonstrated an increased
risk for some solid tumors, but they could not establish any
associations with dose or with time since injection (18, 23),
possibly because of the relatively small number of cases.
In the Life Span Study, on the other hand, the clear excess
risk for al solid cancers was proportional to the background
incidence rate and increased with attained age when ad-
justed for age at exposure (15). A twofold greater relative
risk for females compared to males was also observed. The
similar trends in our survey and the Life Span Study are
interesting, although there are reasons to be careful in ex-
trapolating the findings for the population of A-bomb sur-
vivors to other cohorts. Exposure to radiation from the ex-
plosions was brief and was approximately uniform through-
out the body, and the radiation doses for the majority of
the survivors were low. Most observations of carcinogenic
effects have been made on populations exposed to high
doses, and it is unclear how well these results can be ex-
trapolated to low-dose radiation (24).
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We found a significant trend of increasing relative cancer
risk with younger age at injection of Thorotrast. This im-
plies a higher susceptibility to ionizing radiation anong the
young, but it could also reflect the longer duration of ex-
posure. The absolute risks in relation to age at injection did
not differ to the same extent, which implies an effect of
lower background rates on the relative risks. In the Life
Span Study of A-bomb survivors, asimilar relationship be-
tween relative risk and age at exposure was found for all
solid tumors combined (15). However, with the exception
of leukemia and cancer of the thyroid and breast, an addi-
tive, rather than multiplicative, risk model appeared to fit
the data better (25, 26).

No consistent gender differences with regard to radia-
tion-induced site-specific carcinogenesis have been estab-
lished previously in exposed populations. In the Danish
study, which had a sex distribution similar to ours, no gen-
der-dependent difference in tumor rates was found. Inter-
estingly, the German survey found excess risks for liver
cancer among men similar to those in our study, with a
male/female ratio of 1.6/1. This variance was ascribed to
different baseline rates, but it could possibly be influenced
by a higher prevalence among men for various risk factors
such as hepatitis virus (27). It could also reflect gender
differencesin lifestyle, such as ethanol consumption. Taylor
et al. (28) showed that giving dietary ethanol to beagles
treated with americium increased the incidence of liver can-
cer by a factor of 2-3. It is known that cirrhosis accom-
panies many cases of liver cancer, but the exact mechanism
for this interaction remains an active area of research (29).
In the German study (17), about 30% of the patients with
liver malignancies suffered from liver cirrhosis as well,
compared to 10% among the exposed patients who did not
develop liver cancer. A prior study of mortality in the
Swedish cohort showed a significantly greater risk for mor-
tality due to liver cirrhosis among women compared with
men (standardized mortality ratio 22.8 compared to 8.3)
(6). The smaller overal liver volume in women, resulting
in a greater cumulative dose, might explain this finding.
This hypothesis is somewhat contradictory to the finding of
a lower risk for liver cancer among women, but it could
represent a competing risk, since females who died from
liver cirrhosis may not have reached the cumulative radia-
tion dose necessary to develop a cancer.

Although the number of cases is small, we found a sig-
nificantly increased risk for lung cancer among women who
had recelved Thorotrast. As in most retrospective studies,
detailed information on smoking habits was lacking, but
taking into consideration that smoking was unusua among
women at that time, this is an unlikely explanation for the
increased risk. The lung tissue of patients injected intra-
venously with Thorotrast is exposed continuously through
the exhalation of 2°Rn, 2°Rn and progeny dissolved in the
blood and by Thorotrast conglomerates deposited in the
lung parenchyma. The «-particle dose received by the ra-
diation-sensitive basal cells might be expected to increase

the lung cancer risk in exposed patients. However, no such
excess has been established epidemiologically (18).

Different organs vary widely in susceptibility to the car-
cinogenic effects of ionizing radiation. Malignancies con-
sidered to be most readily caused by radiation include non-
chronic lymphatic leukemia. We found a significant sixfold
increase in this category, but there were too few cases (n
= 11) to draw any conclusions regarding dose—response or
time aspects. Since patients deceased before 1958 were ex-
cluded in the present analyses, it is possible that some of
the hematol ogical malignancies occurred among them. This
needs to be assessed further by including mortality data
from local parishes and medical records. Both the Danish
(3) and the German (18) studies noted a 5-10-fold risk for
leukemia, with induction times as long as 45 years, and
both series failed to identify a relationship between leuke-
mia risk and bone marrow dose in multivariate analysis.

The detrimental effects of Thorotrast have been shown
convincingly through the lifelong follow-up of several ex-
posed populations, and its consegquences are still described
in the literature (30-33). The substance had obvious radio-
graphic advantages, but it may have been the most carci-
nogenic substance ever used for medical purposes. Addi-
tional research on individuals exposed to chronic a-particle
radiation will assist in estimating the cancer risks as well
as morbidity from other causes.

ACKNOWLEDGMENTS

This research was supported by Public Health Service contract NO1-
CP-33059-01 from the National Cancer Institute, Bethesda, MD. We are
indebted to Elisabeth Bjurstedt for invaluable assistance in various as-
pects of this study. We thank Professor Bo Lindell for generously sup-
plying the original data.

Received: April 16, 2001; accepted: October 17, 2001

REFERENCES

1. A. Kaul and W. Noffz, Tissue dose in Thorotrast patients. Health
Phys. 35, 113-121 (1978).

2. Y. Ishikawa, Y. Kato, T. Mori, R. Machinami and T. Kitagawa, Alpha-
particle dose to the liver and spleen tissues of Japanese Thorotrast
patients. Health Phys. 65, 497-506 (1993).

3. M. Andersson, B. Carstensen and H. H. Storm, Mortality and cancer
incidence after cerebral arteriography with or without Thorotrast. Ra-
diat. Res. 142, 305-320 (1995).

4. G. van Kaick, A. Dalheimer, S. Hornik, A. Kaul, D. Liebermann, H.
Lihrs, A. Spiethoff, K. Wegener and H. Wesch, The German Tho-
rotrast study: Recent results and assessment of risks. Radiat. Res.
152(Suppl.), S64-S71 (1999).

5. C. Kido, F Sasaki, Y. Hirota, K. Kiyosawa, S. Hayashi, T. Mori and
T. Sobue, Cancer mortality of Thorotrast patients in Japan: The sec-
ond series updated 1998. Radiat. Res. 152 (Suppl.), S81-S83 (1999).

6. U. Martling, A. Mattsson, L. B. Travis, L-E. Holm and P Hall, Mor-
tality after long-term exposure to radioactive Thorotrast: A forty-year
follow-up survey in Sweden. Radiat. Res. 151, 293-299 (1999).

7. B. Mattsson and A. Wallgren, Completeness of the Swedish Cancer
Register. Non-notified cancer cases recorded on death certificates in
1978. Acta Radiol. Oncol. 23, 305-313 (1984).

8. International Classification of Diseases, Injuries and Causes of Death
(ICD-7), 1955 Revision. World Health Organization, Geneva, 1957.



10.

11

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

THOROTRAST AND CANCER INCIDENCE

. M. P Coleman, C. Hermon and A. Douglas, Person-years (PYRS).

A Fortran Program for Cohort Study Analysis. Internal Report No.
89/006, International Agency for Research on Cancer, Lyon, 1989.

D. L. Preston, J. H. Lubin, D. A. Pierce and M. E. McConney, EP-
ICURE User’s Guide. Hirosoft International Corp., Seattle, WA,
1988-1993.

D. R. Cox, Regression models and life-tables (with discussion). J. R.
Stat. Soc. B 34, 187-220 (1972).

A. Frieben, Demonstration eines Cancroides des rechten Handruck-
ens, das sich nach langdauernder Einwirkung von Roentgenstrahlen
enwikelt hat. Forthschr. Rontgenstr. 6, 106-111 (1902).

United Nations Scientific Committee on the Effects of Atomic Ra-
diation, Sources and Effects of lonizing Radiation, 1993 Report to
the General Assembly, with scientific annexes. United Nations, New
York, 1993.

Y. Ishikawa, T. Mori, Y. Kato, R. Machinami, N. D. Priest and T.
Kitagawa, Systemic deposits of thorium in Thorotrast patients with
particular reference to sites of minor storage. Radiat. Res. 135, 244—
248 (1993).

D. E. Thompson, K. Mabuchi, E. Ron, M. Soda, M. Tokunaga, S.
Ochikubo, S. Sugimoto, T. Ikeda, M. Terasaki and D. L. Preston,
Cancer incidence in atomic bomb survivors, Part I1: Solid tumors,
1958-1987. Radiat. Res. 137 (Suppl.), S17-S67 (1994).

M. Andersson and H. H. Storm, Cancer incidence among Danish
Thorotrast-exposed patients. J. Natl. Cancer Inst. 84, 1318-1325
(1992).

G. van Kaick, H. Wesch, H. Luehrs, D. Liebermann and A. Kaul,
Epidemiological results and dosimetric calculations—an update of
the German Thorotrast Study. In Health Effects of Internally Depos-
ited Radionuclides: Emphasis on Radium and Thorium (G. van
Kaick, A. Karaoglou and A. M. Kellerer, Eds.), pp. 171-175. World
Scientific, Singapore, 1995.

G. van Kaick, M. L. Bahner, D. Liebermann, H. Luhrs and H. Wesh,
Thorotrast-induced liver cancer: Results of the German thorotrast
study. Radiologe 39, 643-651 (1999). [in German)]

T. Mori and Y. Kato, Epidemiological, pathological and dosimetric
status of Japanese Thorotrast patients. J. Radiat. Res. 32 (Suppl. 2),
34-45 (1991).

|. dos Santos Silva, M. Jones, E Malveiro and A. Swerdlow, Mor-
tality in the Portuguese Thorotrast study. Radiat. Res. 152 (Suppl.),
S88-S92 (1999).

H. Wesch, G. van Kaick, W. Riedel, A. Kaul, K. Hasenohrl, H. Im-
mich and H. Muth, Recent results of the German Thorotrast study—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

425

statistical evaluation of animal experiments with regard to the non-
radiation effects in human thorotrastosis. Health Phys. 44 (Suppl. 1),
317-321 (1983).

Y. Ishikawa, Y. Kato and S. Hatakeyama, Late effects of a-particles
on Thorotrast patients in Japan. In Risks from Radium and Thorotrast
(D. M. Taylor, C. W. Mats, G. B. Gerber and R. G. Thomas, Eds.),
pp. 129-131. Report 21, British Institute of Radiology, London,
1989.

T. Mori, K. Fukutomi, Y. Kato, S. Hatakeyama, R. Machinami, H.
Tanooka and Y. Ichikawa, 1998 results of the first series of follow-
up studies on Japanese Thorotrast patients and their relationships to
an autopsy series. Radiat. Res. 152 (Suppl.), S72-S80 (1999).

National Research Council, Committee on the Biological Effects of
lonizing Radiations, Health Effects of Exposure to Low Levels of
lonizing Radiation (BEIR V). National Academy Press, Washington,
DC, 1990.

A. M. Kellerer and D. Barclay, Age dependencies in the modeling
of radiation carcinogenesis. Radiat. Prot. Dosim. 41, 273-281 (1992).

D. A. Pierce and M. L. Mendelsohn, A model for radiation-related
cancer suggested by atomic bomb survivor data. Radiat. Res. 152,
642—654 (1999).

P Elliot and |. Kleinschmidt, Angiosarcoma of the liver in Great
Britain in proximity to vinyl chloride sites. Occup. Environ. Med.
54, 14-18 (1997).

G. N. Taylor, R. D. Lloyd, C. W. Mays, L. Shabestari and S. C. Miller,
Promotion of radiation-induced liver neoplasia by ethanol. Health
Phys. 62, 178-182 (1992).

P. J. Johnson, The epidemiology of hepatocellular carcinoma. Eur. J.
Gastroenterol. Hepatol. 8, 845-849 (1996).

F 1. Lee, J. Tharakan, K. S. Vasudev and P E. Isaacs, Malignant
hepatic tumours associated with previous exposure to Thorotrast: four
cases. Eur. J. Gastroenterol. Hepatol. 8, 1121-1124 (1996).

R. K. Pokharna, P K. Garg, S. D. Gupta, U. Duttaand R. K. Tandon,
Primary epithelioid haemangioendothelioma of the liver: Case report
and review of the literature. J. Clin. Pathol. 50, 1029-1031 (1997).

M. H. Tsa, R. N. Chien, S. Y. Hsieh, C. E Hung, T. C. Chenand I. S.
Sheen, Primary hepatic angiosarcoma: Report of a case involving
environmental arsenic exposure. Chang Keng | Hsueh Tsa Chih 21,
469-474 (1998).

K. Sitarik, K. S. Freed and D. H. Sheafor, Thorotrast revisited: Con-
trast-induced hepatic neoplasm. Am. J. Roentgenol. 172, 842843
(1999).



